Abstract: This paper presents an investigation on the efficiency performance of the leading-18 edge undulated tidal turbine blades under the effect of waves. This biomimetic blade 19 application is inspired by humpback whale flippers which provide these mammals with an 20 exceptional manoeuvring ability that is mainly accredited to the beneficial of their leading-21 edge tubercles. The paper first presents the design, optimisation and experimental validation 22 of these turbine models. With the aim of further validating the efficiency performance in a 23 different testing environment as well as exploring the combined effect of the tidal current 24 and wave interaction, a test campaign in a towing tank facility was conducted. Both regular 25 and irregular wave conditions were considered combining with varying towing speeds to 26 simulate the tidal current effect. The test results revealed that the leading-edge undulated 27 turbine has a stable hydrodynamic performance over a combined range of current speeds and 28 waves indicating that the overall performance was not affected considerably by the combined 29 effects as opposed to the performance solely due to steady tidal current. 30 31
Introduction

34
Humpback whale, known as one of the giant marine mammal species, is surprisingly agile 35 while preying. This is mostly accredited to its highly efficient pectoral fins which are not 36 smooth or streamlined as generally expected on performance swimmers. On the contrary, 37 they are rough surfaces with undulated leading edges Battle, 1996, Fish et al., 2011), 38 which have drawn attentions of researchers and designers. The undulated leading edge is 39 formed by the tubercles on the pectoral fins. This feature, which induces beneficial and 40 chordwise counter-rotating vortices between the tubercles, provides the pectoral fins with 41 an efficient performance in terms of delaying stall and improving the lift-to-drag ratio. These 42 performance benefits were demonstrated through relatively recent wind tunnel tests for a 43 pair of replica humpback whale flippers with and without leading-edge tubercles (Miklosovic  44  et However most of the research has focused on the foil performance under steady conditions, 49 while rare studies have been conducted to investigate the performance in the unsteady 50
conditions. 51
Recently a study has been conducted to explore the feasibility of applying this feature onto a 52 tidal turbine blades (Shi et al., 2016a, Shi et al., 2016c, Shi et al., 2016b ). This study first 53 focused on the design and optimisation of the leading edge tubercles for a specific tidal 54 turbine blade section by using numerical methods to propose an "optimum" design for the 55 blade section. This optimum design was then applied onto a representative tidal turbine blade. 56 This representative 3D blade demonstrated significant benefits especially after stall. The 57 experimental measurements were further validated and complimented by numerical 58 simulations using commercial CFD software for the detailed flow analysis. 59
Following that, a set of tidal turbine models with different leading-edge profiles was 60 manufactured and series of model test campaigns were conducted in a cavitation tunnel to 61 evaluate their efficiency, cavitation, underwater noise, and detailed flow characteristics. 62
Based on these experimental investigations it was confirmed that the leading edge tubercles 63 can improve: the hydrodynamic performance in the low Tip Speed Ratio (TSR, as defined in 64
Equation 2) region without lowering the maximum power coefficient (Cp, as defined in 65 Equation 3) (Shi et al., 2016c) ; constrain the cavitation development to within the troughs of 66 the tubercles (Shi et al., 2016b) ; and hence mitigating the underwater noise levels (Shi et al., 67 2016b) . 68
However, due to the complexity of natural environment, tidal turbines are operating not only 69 in currents but also under the combined effect of waves. Therefore the performance of these 70 leading-edge tubercles on the undulated turbine blades are questioned in the real sea 71 conditions. To answer this question, this paper presents and discusses the results of a series 72 of test campaigns with the leading-edge undulated turbine models in a controlled 73 environment to evaluate their performances under the real sea conditions. The tests were 74 conducted in the Kelvin Hydrodynamic Lab (KHL), Strathclyde University, under both regular 75 waves and irregular waves. The efficiency and the thrust performances of the three model 76 turbines were investigated under the combined effect of the steady current and waves and 77 findings were presented and discussed. 78
Description of the tested model
79
The biomimetic tidal turbine blade with an undulated leading edge was designed through the 80 recent postgraduate study of the principle author (Shi, 2017) . First, a reference turbine blade 81 was chosen based on a previous research project in which a tidal turbine model was designed, 82 tested and numerically modelled (Wang et al., 2007 , Shi et al., 2013 . The blade section of the 83 reference turbine used the NREL S814 foil section, as shown in Figure 1 . The main particulars 84 and the definition of the main particulars for this 400mm diameter model turbine are shown 85
in Table 1 and Figure 2 and based on this model, the leading-edge tubercles were applied to 86 the blades. 87 
Experimental investigation of a hydrofoil for the best tubercle coverage 114
The designed tubercle profile of 0.1C height and 0.5C wavelength was applied onto a specially 115 manufactured, carbon-fibre model hydrofoil with interchangeable leading-edge profiles. This 116 hydrofoil is a straightened turbine blade with the same chord length distribution but a 117 constant pitch angle, of which the leading edge is modularized and 3D printed. In total 4 118 interchangeable modules with smooth leading edge and 4 modules with tubercles were 119 prepared to test various combinations of the leading-edge profiles with changing the tubercle 120 coverage as shown in Figure 5 . 121 arrangements, the comparisons of the lift-to-drag ratios appear that Foil "0001", which had 125 1/4 of its leading-edge covered with tubercles, displayed an overall better performance. This 126 can be clearly seen in Figure 6 where Foil "0001" shows a positive impact from 0 o to 26 o of 127 angle of attack (AOA) with more than 10% enhancement in the maximum lift-to-drag ratio at 128 5 o of AOA, compared to the reference (Foil "0000"). Even though Foil "1111" displayed the 129 highest growth rate at 16 o AOA, Foil "0001" may offer more potential in improving the 130 performance of a tidal turbine operating over a wider range of tip speed ratios. This 131 experimental study is documented within more details in (Shi et al., 2016a) . 132 where H is the height of the leading-edge profile relative to the reference one which has the 147 smooth leading-edge profile. 148 149 
153
Before the wave-current interaction tests, which is the main objective of this paper, these 154 three turbine models were tested in the Emerson Cavitation Tunnel of Newcastle University. 155
These tests showed significant improvement in the turbine performance in terms of 156 improving its power coefficients (CP) in lower TSRs without compromising the maximum, 157 value of CP, limiting the cavitation development and lowering the underwater radiated noise 158 level (Shi et al., 2016c , Shi et al., 2016b . 159
The hydrodynamic test result under 2m/s incoming velocity was presented in Figure 9 . In this 160 figure, the pitch angle setting was increased to +4 o which was the most efficient pitch angle 161 setting for the reference turbine. The leading-edge tubercles can contribute more torque as 162
represented 
170
Following the experimental campaign in the cavitation tunnel, the following experimental 171 investigation in a towing tank was planned to further validate the performance of these 172 biomimetic turbines and to explore the combined wave-current effect on the turbine 173 performance. 174 3 Experimental setup and approach 175
Description of the Kelvin Hydrodynamic Lab 176
The experiments were conducted in the Kelvin Hydrodynamic Lab (KHL), Strathclyde 177
University by using its towing tank facility which is 76m in length, 4.6m in width and 2.5m in 178 depth. As shown in Figure 10 , one end of the tank is equipped with a variable-water-depth, 179
computer-controlled four-flap absorbing wave-maker generating regular or irregular waves 180 over 0.5m height while the opposite end is fitted with a high-quality variable-water-depth 181 sloping beach, with reflection coefficient typically less than 5% over frequency range of 182 interest. 183 where Q is the torque of the turbine, in Nm; T is the thrust, in N; is the rotational speed, in 207 rad/s; AT is the swept area of the turbine and equals D 2 /4, m 2 ; is the tank water density, in 208 kg/m 3 ; V is the incoming velocity, in m/s, D is the turbine diameter, in m. 209
As the performance of the turbine is strongly dependent on the Reynolds number, this non-210 dimensional numbers at 0.7 radius of the turbine blade, 0.7 were monitored and can be 211 derived from Equation 5. 212
where 0.7 is the chord length of the turbine at 0.7 radius, m; ν is the kinematic viscosity of 213 the water, m²/s. 214
The uncertainty level of the towing tank tests was well controlled with a 0.3% for the TSR, 1.1% 215 for the Cp and 0.2% for Ct/10 which were based on 7 individual tests for TSR=4. In addition all 216 the test runs were repeated twice for the repeatability checks. 217
Test matrix 218
The initial set of the tests with the three model turbines involved the open water performance 219 measurements in steady current (i.e. calm water). The testing matrix in Table 2 is to  220 investigate the effect of Reynolds number on the turbine performance, followed by the test 221 matrix in Table 3 for the open water performance test in a range of TSRs with the highest 222 achievable Reynolds number. 223 The next two sets of the experiments involved the performance measurements with the same 227 model turbines in waves: firstly in regular waves with two different wave amplitudes and over 228 a range of frequencies as shown in Table 4 ; and secondly in irregular waves defined by three 229 different JONSWAP wave spectra as shown in Table 5 . Table 5 also indicated the  230 corresponding full-scale conditions of the tested JONSWAP spectra for a 20m diameter 231 turbine. 232 
236
During the irregular wave tests, 250 wave encounters were guaranteed by multiple runs 237 depending on the test conditions. Two turbines were tested which were the reference turbine 238 (Ref) and biomimetic turbine with full tubercles (Sin8). Modelling of the irregular waves was 239 carried out based on the specified significant wave height Hs, peak wave period Tp and 240 spectral peakedness parameter γ=3.3 in the JONSWAP spectrum given by Equation 6. The 241 three tested JONSWAP spectra were plotted as shown in Figure 12 . 242
where, () Sf is the spectral wave energy density distribution; f is the wave frequency 243 (Hz); is the peak wave frequency (Hz), 1 / Tp; σ = 0.09 for > and σ =0.07 for < ; 244 and 245 cavitation tunnel as shown in Figure 9 is around 48%, whereas the maximum Cp of the 280 reference turbine in the towing tank is around 40%, which indicated 20% less. This might be 281 not only because of the significant difference in the Reynolds numbers but also because of 282 the difference in the blockage ratios between the two facilities. However, due to nature of 283 the relative comparisons, only the performance results of the tests conducted in the towing 284 tank were compared and discussed in the following. 285
As shown in Figure 15 , even though the magnitudes of the results from these two facilities 286 have shown certain level of disparity, the same trend in the effect of the tubercles on the 287 results of the towing tank test based performances can be observed as such: the tubercles 288 still improved the performance in the low TSR region without compromising the peak Cp; Sin8 289
showed the best performance with a slightly shifted Cp curve compared with the reference 290 turbine; general performance of Sin2 was very close to the reference turbine but also with 291 the improved performance in low TSRs. 292 
Wave-current interaction tests in regular waves 295
Following the open water performance tests in calm water, the same tests were conducted 296 in regular waves with two different wave amplitudes (0.05m and 0.1m) and over a range of 297 incoming wave frequencies (0.3-0.9Hz). As shown in Table 4 , all the regular wave tests were 298 carried out for TSR=4, RPM=250 and V=1.309m/s. The time history of the wave height, torque 299 and thrust of the turbines were recorded and then the peak amplitude Fast Fourier transfer 300 analysis (FFT analysis) was applied using Hanning window function. 301
Typical results of time history records and FFT analyses of a sample test run are shown in 302 Figure 16 where the regular wave with a distinct encounter frequency generated significant 303 fluctuation on the torque and thrust records. One can also observe two further peaks in the 304 torque and thrust around the 1 st blade passing frequency (12.5Hz) and shaft rotating 305 frequency (4.17Hz), which might be caused by the shaft friction and non-uniform incoming 306 flow. However, these two peaks were very stable throughout the whole tests even with 307 different wave frequencies. Therefore, in order to identify the fluctuation caused by the wave 308 action, which may cause fatigue failure for the tidal turbine, the peaks of the torque and 309 thrust at encounter wave frequencies were excluded in the analyses. 310
Uncertainty analysis for the wave test 311
The uncertainty levels were also checked by four times of repeat tests with the reference 312 turbine for the test runs in waves with an amplitude of 0.1m and wave frequency of 0.5Hz. As 313 shown in Table 6 , the results of the measurements for the torque and thrust at the same 314 encounter frequencies were quite repeatable with small values of standard deviations. 315 
320
The analysed results of the time averaged power coefficient (Cp) and thrust coefficient (Ct/10) 321 for each encounter frequency tested are presented in Table 7 and Table 8 the wave amplitude  322 of 0.05m and 0.10m, respectively. These coefficients were normalized against the 323 corresponding Cp and Ct/10 values in calm water for the same tip-speed ratio, TSR=4. 324 
328
As can be seen in Table 7 , the impact of the waves on the Ct/10 of all three turbines was very 329 limited within 2%, while the impact on the Cp was slightly larger but still within 5%. 330
Meanwhile, the reference turbine appeared to be relatively more sensitive to the wave action 331
(by a max of 4.8% increase in Cp) while the ones with tubercles were less sensitive by a max 332 of 2.6% increase in Cp for the Sin2 and 2.7% for the Sin8, respectively. This kind of 333 performance enhancement could be because of the turbulent flow generated by the action 334 of small waves. 335
Similar form of performance enhancement can be also observed with bigger waves, as shown 336 in the Table 8 . But the differences in performance change between the reference turbine and 337 the turbine with tubercles got smaller: a maximum 5.6% Cp enhancement for the reference 338 turbine; while 5.0% and 4.5% for the Sin2 and the Sin8 respectively. The impact of the wave 339 effect on the coefficient, Ct/10 was even smaller within 2.5% for all three turbines. 340 Based on the above result, it can be seen that the wave action on the performance of the 341 turbine can be beneficial in terms of performance enhancement, but this kind of 342 enhancement is limited within 5% depending on the wave condition. 343
Effect of regular wave action on the performance fluctuations of turbines
344
Apart from the impact on the averaged performance, the fluctuation on the torque and thrust 345 can be a further concern on the performance of a tidal turbine. The fluctuation in torque is 346
concern for the quality of the generated power while the fluctuation in thrust is concern for 347 the supporting structure. In order to shed a light on this aspect Table 9 and Table 10 are  348 included. 349
In these tables, Table 9 and Table 10 In Figure 17 the torque and thrust amplitudes of the three turbines were compared against 360 each other over the encounter frequency range tested. As shown in this figure the amplitudes 361 of the torque and thrust of Sin8 turbine were generally lower than those of the other two 362 turbines. This was more obvious in the thrust while the torque of the Sin8 turbine were similar 363 to the reference turbine. A maximum of 4% lower thrust can be achieved with the were tested in irregular head waves which were generated based on the earlier described 372 JONSWAP wave spectra. Figure 18 shows a typical time history of the wave profile generated 373 in the tank for Hs= 0.15m; Tp=1.581s. The wave calibration against the encounter wave 374 frequency is shown in Figure 19 . These tests were conducted with the slower carriage speed 375 (V= 0.785 m/s) and single turbine speed, N=150RPM to reflect the full-scale conditions as 376 prescribed in Table 5 . A closer look at the FFT analyses indicates that apart from the major torque and thrust peak 386 around 0.833 Hz, which corresponds to the encounter frequency for the maximum energy in 387 the wave spectrum (at Tp= 1.581s), there is another local peak at 2.5Hz which corresponds to 388 the shaft rate (150 rpm). 389
Effect of irregular wave action on the performance of turbines
392
The analysis was first conducted about the time averaged performance to identify the wave 393 effect on the power generation. The time averaged performance normalized against itself in 394 the calm water has been presented in Table 11 . 395 As it can be easily noticed, the variation on the averaged Ct/10 is very limited (within 2%), 397
with Sin8 even smaller and limited within 1%. On the other hand, the averaged Cp can be 398 improved by the irregular waves, however this might also because of the wave generated 399 turbulence. These phenomena can also be seen in the regular wave test. Table 12 . 410 The result in Table 12 turbine. Yet, these definitions have been thoroughly investigated and used in the ship motion 423 context as such the ship can be regarded as a linear system and input to the system is the 424 ocean waves and output from the system is being the motion responses. However whether 425 the turbine system can still be regarded as a linear system, as shown in Figure 21 , to predict 426 the response as torque or thrust in waves is yet to be concluded ( where RAO(f) is the response amplitude operators regarding to different wave frequencies, f; 433 R(f) is the response amplitude spectrum of the turbine system; A(f) here is the wave amplitude 434 spectrum. Subscript Q and T will be used to specify the torque or the thrust, respectively. 435
RAO in regular waves 436
In order to investigate the above problem, the Ref turbine is chosen. The RAO analysis for the 437 torque and thrust of this turbine in regular waves is shown in Figure 22 . As shown in the figure,  438 the response of the torque and thrust is strongly linear to the wave amplitude, as the curves 439 of RAOQ(f) and RAOT(f) with two different wave amplitudes almost overlap each other. 440
Therefore the response of the tidal turbine's performance to the wave actions can be 441 concluded similar to the ship response to the wave actions based on this study. 442 The comparisons of RAO in thrust and torque for the three turbines are presented in Figure  446 25 and Figure 26 , respectively, for two different wave heights. In the top right corners of these 447 figures a closer look for the thrust and torque for 0.1m wave amplitude is also included for 448 the sake of easier comparison. From these figures it can be noticed that the Sin8 turbine 449 displayed the lowest RAOs in both torque and thrust while the Sin2 turbine showed the 450 highest. 451 Likewise, the above assumption can be made for the torque coefficients as well. The predicted results of ∆ based on Equation 11 for two sets of regular wave test data with 494 two different carriage speeds but at the same wave height are shown in Figure 27 . As it can 495 be seen in this figure the simplified correction made for the effect of waves can justify the 496 fact that the main effect of the waves on the turbine performance can be expressed by the 497 contribution in the current speed due to the longitudinal component of the wave particle 498 velocity. This is of course very much dependant on the depth of submergence of the turbine 499 since the effect will be more significant (due to e.g. diffraction etc) and complex as the turbine 500 gets closer to the free surface. 501 In conclusion, the leading-edge undulated/tubercled tidal turbines have been further 543 investigated in a towing tank under the combination of wave and current actions. It has been 544 confirmed that wave action does not affect the efficiency performance of the turbine but can 545 cause significant force fluctuations which will pose threat to the structures and the generator. 546
Given the benefits of the leading-edge undulated tidal turbines, the initiation of full-scale 547 prototyping has been raised and planned for the future. 
